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      Simultaneous multislice (SMS) imaging accelerates 
MRI but is limited by peak RF amplitude and RF power 
deposition which scales roughly linearly with the 
multiband factor (MB), or number of slices [1]: 
 
 
 
 
 
 
Figure 1. A single slice-selective pulse is phase modulated and 
summed to form a 5MB multislice pulse with increased peak 
amplitude and power. 
 Techniques for SMS pulse design have been 
proposed to reduce or penalize peak amplitude [1,2], 
RF integrated power [3], or both [4]. In [5], we 
introduced a method for designing small-tip angle (STA) 
SMS pulses directly constraining peak amplitude, which 
eliminated the need for parameter tuning. Here, we re-
formulate the design problem to minimize the out-of-
slice excitation error while keeping the physical 
constraints on RF integrated power and peak amplitude.  
 
 
Standard Approach: SLR SMS 
•  Slice-selective pulses are often a filter design problem 
via the Shinnar Le-Roux (SLR) algorithm [6], where 
in-slice and out-of-slice ripple are design parameters. 
•  To compare with our constrained design, we create 
SLR SMS pulses, using both least-squares (LS) and 
Parks-McClellan (PM) filters. 
•  Slices have optimized phase scheduling from [1] to 
reduce peak RF amplitude. 
Our Approach: Constrained RF Pulse Design 
•  The design target pattern d is set to contain a target 
magnitude flip angle and phase pattern based on the 
phase scheduled SLR SMS pulse. 
•  In additional to physical constraints, we minimize the 
out-of-slice error with a set in-slice error constraint. 
•  Constrained mimization is solved in CVX [7]. 
 
 
 
 
 
 
 
 
 
 
Figure 2. With an in-slice error constraint emax in blue, we 
minimize the maximum out-of-slice error in green 
We formulate this constrained problem as 
 
 
 
 
 
where 
•  A is the STA approximation system matrix [8] 
•  d is the target SMS magnetization pattern 
•  Win,out are the in-slice and out-of-slice regions, defined by 
the fractional transition width of an SLR pulse designed 
using the method in [6] 
•  Δt is the dwell time 
•  CSAR is a measured constant converting integrated RF power 
to W/kg 
•  bmax, pmax, and emax are the maximum RF peak amplitude, RF 
power, and in-slice-excitation error limits 
We also update the phase pattern through 10 iterations 
of the constrained design pattern (Eq. 1) in a relaxed 
method akin to magnitude least squares [9]: 
 
 In total, we designed the two SLR pulses (with LS 
and PM filters) and two minimum out-of-slice error 
constrained RF pulses without phase updates (just Eq. 
1) and with phase updates (10 iterations of Eq. 2) for a 
0.95 ms MB=8 pulse with a flip angle of 23.1°.  
 
 
 
 
 
 
 
 
Figure 3. RF waveforms for four RF pulse designs; real and 
imaginary components in left column, magnitude in right. 
 We compared these pulses quantitatively via Bloch 
simulation: 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Bloch simulated magnetization magnitude with 
zoomed slice profiles of right-most slice 
 
 
 
 
 
 
 
 
 
 
  
Table 1. Performance metrics for 4 0.95 ms SMS RF pulses, 
constraints, and metrics for shorter (0.8 ms) constrained pulses 
 
 
 Then, we used these pulses in a 2D experiment 
with the SPGR sequence and measured slice profiles: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. 2D images (top) and averaged line profile (middle) 
with zoomed right-most slice (bottom) for 4 RF pulse designs 
 
 
 
 
 
 
 
 
 
 Our constrained SMS pulse design enforces 
physical and in-slice excitation error RF constraints and 
minimizes the amount of out-of-slice error. Unlike other 
design methods, our method doesn’t require parameter 
tuning yet achieves better out-of-slice error than the 
standard SLR SMS pulse. Similarly, we also can design 
shorter constrained pulses (0.8 ms) for the same out-
of-slice error. We also investigated additional phase 
updates in our design but only saw negligible 
reductions of out-of-slice error. 
[1] Wong E, ISMRM, 2012. [2] Sharma A, Lustig M, Grissom WA, MRM, 
2016. [3] Norris DG, Koopmans PJ, Boyacioğlu R, Barth M, MRM, 2011. 
[4] Rund A, Aigner CS, Kunisch A, Stollberger R, ISMRM, 2017. 
[5] Williams, SN, Noll DC, Fessler JA, ISMRM, 2017. [6] Pauly J, Le Roux 
P, Nishimura D, Macovski A, IEEE TMI, 1991. [7] Grant M, Boyd S, CVX 
Software 2013. [8] Pauly, J, Nishimura D, Macovski A, JMR, 1989.  
[9] Setsompop, K, Wald LL,  Alagappan V,  Gagoski BA, Adalsteinsson E, 
MRM, 2009.  
Sydney Williams 
Ph.D. Candidate Biomedical Engineering 
sydneynw@umich.edu 
à Σ à 
METHODS 
[Eq. 1] 
[Eq. 2] 
Pulse ||b||∞ 
(G) 
||b||23Δt 
(G2ms) 
Max In-
Slice Err. 
Max Out-of-
Slice Err. 
SLR wit LS 0.20 7.0E-3 0.25 0.4E-2 
SLR with PM 0.20 7.0E-3 0.25 1.4E-2 
Const. Eq.1 0.18 6.0E-3 0.25 0.1E-2 
Const. Eq. 2 0.20 6.0E-3 0.25 0.1E-2 
Constraints: 0.20 1.3 0.25 N/A 
Short Const. 
Eq. 1 
0.20 6.0E-3 0.25 0.4E-2 
Short Const. 
Eq. 2 
0.20 6.0E-3 0.25 0.4E-2 
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